This study presents the improved biodegradation of crude oil in aqueous phase using mutant Dietzia sp. obtained by random mutagenesis of wild Dietzia sp. using 60 Co-γ irradiation. The mutants obtained were screened based on their degradation performance and the best mutant was selected for oil degradation optimization research. A four factor central composite design coupled with response surface methodology was applied to evaluate and optimize the important variables. A genetically stable mutant, designated as M22, was isolated and demonstrated significantly higher degradation efficiency (52.5%) of total petroleum hydrocarbons (TPHs) than the parental strain (28.2%) in liquid media after 14 days of incubation. Increased production of enzyme responsible for the degradation was achieved with the mutant species. Optimum conditions were determined to be pH 7.6, 0.20 g/L K 2 HPO 4 , 0.57 g/L NH 4 NO 3 , and 0.62 g/L yeast extract. Approximately 68.5% of TPH was experimentally degraded after 14 h of incubation under the optimum conditions, which agreed well with the model prediction. Gas chromatography-mass spectrum analysis showed that the mutant M22 could degrade a wide range of crude oil fractions, while optimization of culture conditions could be effective for increasing its strain's degrading ability.
INTRODUCTION
Petroleum hydrocarbons (PHCs) are a group of extremely complex natural mixture comprising thousands of compounds. Accidental spills, leaks, and other releases of PHCs often result in the contamination of soil and water body. This pollution may result in significant environmental impacts and present substantial hazards to human health, representing a huge concern for the public (ATSDR ).
Bioremediation is a cost-effective and environmental friendly remediation technology that can be employed for PHC contamination. Bioremediation of PHC contamination is a hot topic in environmental research, which involves the utilization of specific microbes to transform oil to materials such as water, CO 2 , inorganic salts, microbial biomass, and other byproducts with less hazards than the parent materials (Lu et al. ; Dias et al. ) . In nature, a wide range of bacteria and fungi can degrade and/or utilize hydrocarbon substrates as sources of carbon and energy, including at least 175 genera of bacteria (McGenity et al. ) . However, the biodegradation extent of PHCs is limited due to microbial inertness toward some specific compounds, complex composition and chemical structures of PHCs, toxicity of metabolites, etc. (Lu et al. ) .
As an essential and often most direct and least expensive method of improving industrial organisms, mutation has toward specific compounds. Chen et al. () In this study, Dietzia sp. GW25 was selected as the original strain of PHC degradation. After mutagenesis of the strain by γ-ray irradiation, a mutant was obtained and named M22.
Furthermore, the optimal conditions for the mutant to achieve maximum PHC degradation were established using PlackettBurman (PB) design, central composite design (CCD), and response surface methodology (RSM). The crude oil used in this study was obtained from the Changqing Oilfield, China. To simulate environmental weathering, the oil was exposed to the atmosphere for 10 days and then sonicated at 35 W C for 6 h before use.
MATERIALS AND METHODS

Reagents and materials
After this process, the oil lost about 2.4% of its original weight. The weathered oil consisted of 7.3% asphaltene, 61.5% aliphatic hydrocarbons, 19.8% aromatic hydrocarbons, and 11.4% polar materials.
Microorganisms and culture conditions
An oil-degrading strain (designated Dietzia sp. GW25) was isolated from crude oil-contaminated soil sampled from the estuarine wetland of Liaohe river, China, in our previous work (unpublished results).
The mineral medium (MM) was used in irradiation mutation and mutant screening, of which the composition was as follows (g/L) (Fan et 
Cells in medium were enumerated in triplicate using the spread plate method on nutrient agar plates. Plates were incubated at 28 W C in the dark for 2 days, and colonies were counted. Results were expressed as CFU/mL.
Analysis of microbial enzyme activity
In this study, microbial enzyme activity was employed to evaluate the property of mutants. Dehydrogenase (DH) activity was measured with 2,3,5-triphenyltetrazolium chloride (TTC) according to the method of Wu et al. () . In brief, 1.0 mL of culture solution was mixed with 1.0 mL 3% TTC, 0.07 g CaCO 3 , and 2.5 mL distilled water and then incubated at 37 W C for 24 h. The triphenyl formazan (TPF) produced from TTC was extracted methanol. The control was prepared using the same procedure except that the substrate TTC was added to the control after incubation. The intensity of the reddish color developed was determined at a wavelength of 485 nm. DH activity was expressed as μg of triphenyl tetrazolium formazan/(mL solution·h).
Polyphenol oxidase (PPO) activity was determined using pyrogallic acid solution according to Ma et al.
(). For this, each of 1.0 mL culture solution was added to 10 mL 1% pyrogallic acid solution, mixed well, and incubated at 30 W C for 1 h. Then 2.5 mL of 0.5 M HCl was added to the mixed solution and extracted three times with ether. The extract was combined and diluted to 50 mL. The control was conducted using 10 mL distilled water instead of 10 mL 1% pyrogallic acid solution. PPO activity was determined by spectrophotometry at 430 nm, and expressed as mg of purpurogallin (PPG)/(mL solution·h).
Optimization of crude oil biodegradation
The mutant exhibiting the highest oil degradation rate was selected for the degradation optimization experiments. The studies were carried out using media at constant 20 g/L (2%) crude oil at 150 rpm in the orbital shaker for 14 days.
All experiments were carried out in triplicate using 100 mL Erlenmeyer flasks containing 40 mL media, and the average of the % degradation was taken as the response.
PB design
As an efficient method to screen the important factors among numbers of variables, PB design was first employed in our study to optimize initial culture conditions of strain to obtain the maximum TPH degradation. Therefore, 11 independent variables (Table 1) were investigated using PB design. For each variable, two levels were designated: þ1
for the high level and À1 for the low level. A total of 12 experimental runs with eight variables were performed (Table 2) .
Path of steepest ascent
Based on the results of PB design, steepest ascent method is used to confirm the center point for CCD. The zero level of PB design was identified as the base point of the steepest ascent path. Experiments were conducted along the steepest ascent path until the response showed no further increase, then this point was considered as the center point of CCD.
Central composite experimental design
After confirmation of the center point, the CCD was adopted for the augmentation of oil biodegradation.
In this study, coded representations of variables in the design of experiments for overall biodegradation efficiency were pH, KH 2 PO 4 , NH 4 NO 3 , and yeast extract, each of which was assessed at five different levels (À2, À1, 0, 1, and 2) as shown in Table 3 . According to this design, a total of 30 experiments were conducted containing six replicates at the center point for estimating the purely experimental uncertainty variance in triplicate.
Instrumental analysis
The residual oil in each flask was extracted with dichloromethane for three times. The extracts were combined and 
Statistical analysis
In this study, Design Expert software 8.0.7.1 (Statease, Inc., Minneapolis, MS, USA) was used for the experiment design and regression analysis. The effect of the variables on % degradation was determined by analysis of variance (ANOVA). The quality of the fit of the % degradation was expressed by the coefficient, and its statistical significance was determined by F-test and t-test. The statistical significance of regression coefficients was 95%.
RESULTS AND DISCUSSION
Mutagenesis and screening for oil hyperdegradation
In the screening experiment, the culture of Dietzia sp. 
Growth characteristics
During the 14-day incubation, the viable cell number of the parental strain GW25 and the mutant M22 in culture media were determined by the culture-based method. The cell density of both strains increased with time (Figure 2 
M14, (C) M25, (D) M22, (E) M27, (F) M28, (G) M29, (H) M30, (I) M31, and (J) M32
which were mutagenized by 60
Co-γ-ray irradiation. Data are given as mean ± S.D., n ¼ 3.
2 days for the parental strain. The cell counts quickly increased during the initial period, followed by a slow growth period and a plateau (Figure 2(a) ). The final cell density at 14 days was 4.26 × 10 8 and 2.38 × 10 9 for the parental strain GW25 and the mutant M22, respectively. There was a significant difference of bacterial colony count between the two strains (P < 0.05). This result was in agreement with that of TPH degradation by these two strains (Figure 1 ). In comparison to its parental strain, M22 had greater capability of utilizing crude oil as growth substrate, thus leading to higher cell numbers and oil removal.
Enzyme activity
Microbial DH activity provides a measure of overall and the mutant M22, respectively, which was observed at 6 and 8 days, respectively. Afterwards, DH activity continuously decreased with time. DH activity in the M22 culture was significantly higher than that of the GW25 culture (P < 0.05). DH has been found only to be useful for indicating the onset of the biodegradation process, as its activity decreases rapidly after the rate of biodegradation has declined (Maila & Cloete ) . Moreover, the increment in DH activity may be in proportion to the rates of oil application, in which activity increased with increasing oil loading rates.
PPO plays an important role in the process of conversion of aromatic organic compounds (Durán & Esposito ) .
Thereupon, determination of this enzyme activity would be helpful to get a better understanding of the metabolic process during biodegradation. Figure 2 (c) shows that culture PPO activity increased significantly after incubation. Aromatic compounds and their metabolites in the culture were likely used as substrates, thus raising the enzymatic activity. The PPO activity was higher in M22 culture relative to GW25 culture (P < 0.05). Strains GW25 and M22 showed the highest activity of 11.6 and 34.3 mg PPG/(mL h) at 6 and 10 days, respectively. PPO activity tended to decrease at the later stage of incubation (Figure 2(c) ). These results demonstrated that the mutant M22 has enhanced enzyme activity, thereby increasing oil degradation.
PB experiment
The PB experimental design was based on the following first-order model:
where Y is the estimated target function, β 0 is the model intercept, β i is the regression coefficient, and X i is the coded independent factor. This model can be used to screen for factors significantly affecting the measured response but is unable to describe the interaction among fac-
tors (Lofty et al. ).
Twelve trials were conducted according to the experimental design and the results, analyzed by Design Expert Software, are listed in Table 2 ANOVA of the results provided the weights of each factor for all of the response, and is shown in Table 1 . It showed that X 2 , X 4 , and X 7 exhibited significant effect on TPH degradation, whose P-values were below 0.05. The P-value for yeast extract (X 11 ) was less than 0.01 with a 99% confidence, indicating that yeast extract concentration had an extremely significant effect on TPH degradation.
However, other variables with confidence levels below 95% (P > 0.05) were considered insignificant and were not included in the next path of steepest ascent and CCD experiments.
Path of steepest ascent
To obtain the center points of four variables for CCD, the path of steepest ascent was conducted based on the zero level of the PB design. The path of steepest ascent was aimed to enhance TPH degradation efficiency through increasing the values of X 2 , X 7 , and X 11 , while decreasing the level of X 4 . The results (Table 4 ) from the path of steepest ascent showed that TPH degradation efficiency reached a maximum value of 66.8% when the values of X 2 , X 4 , X 7 , and X 11 were 7.5, 0.18, 0.60, and 0.54 g/L,
respectively. This point was concluded to be near the optimum point and was considered as the zero level of CCD.
Results of CCD and RSM
To further enhance TPH degradation by the mutant M22, the CCD and RSM were employed to analyze the interactive effects of solution pH, K 2 HPO 4 , NH 4 NO 3 , and yeast extract and to determine their optimal levels. The values of the four variables in run four obtained from the steepest ascent path (Table 4) were taken as the center points with the other variables fixed at low level of PB Table 5 .
ANOVA of CCD (Table 6) 
The results of CCD revealed that the determination coefficient (R-sq.) was 92.56%, implying that more than 91% of the sample variation was attributed to the variables and only less than 8% of the total variance could not be explained by the second-order polynomial prediction equation given in Equation (3). Low P-value of lack of fit (<0.001) and low pure error demonstrated the model was suitable to describe the response of the experiment pertaining to TPH degradation.
The interactions of the four variables and their optimum level in TPH degradation were further analyzed by the RSM.
The three-dimension response surface curves are presented in Figure 3 . It can be seen that the response surface was convex, suggesting that the optimum conditions are well defined and there existed a maximum for each variable. (Table 1) . Finally, a mean value of (68.5 ± 0.4)% (n ¼ 3) was quite close to the predicted value (69.4%), confirming the model can indeed be employed for optimizing culture conditions for TPH degradation.
Comparison of biodegradation of hydrocarbon fractions under optimized and unoptimized conditions
We next compared the biodegradation efficiency of individual hydrocarbon fractions under optimized and unoptimized conditions. The unoptimized conditions are the MM conditions (52.5% TPH removal). Repeated degradation experiments were conducted and analysis was done by GC-MS method by taking the residual samples after 14 days.
As can be seen in Table 7 , the mutant M22 could completely remove medium chain length n-alkanes (C 8 -C 16 ) (100%) even under unoptimized conditions. The degradation efficiency of n-alkanes decreased as the chain length increased from C 17 to C 40 . Moreover, the mutant M22 could degrade a certain ratio of 2-to 4-ring PAHs, but it was unable to degrade higher ring PAHs. Furthermore, it can be found that the degradation efficiency was higher under optimized conditions than under unoptimized conditions for most of the hydrocarbon fractions. The results clearly indicated that optimization was effective for crude oil biodegradation.
It is likely that during the experiment, the microbes in the optimized medium were growing at an optimum environmental condition. Biodegradation process is strongly correlated with oil properties and environmental conditions. 
CONCLUSIONS
Results of the present study have demonstrated that the mutant strain M22, obtained by 60 Co-γ irradiation mutagenesis treatment, possessed the strong potential to degrade crude oil compounds. In addition, the results indicate that CCD coupled with RSM is a useful technique to optimize the important parameters of medium for oil degradation.
However, the relationship between the nutrients and the composition of oil and the degrading bacteria was not explored. Needless to say, this needs to be further investigated. Moreover, further research is required to explore the transformed functional genes and regulated metabolic network, which are related to hydrocarbon degradation in Dietzia sp. M22 cells mutated by nuclear irradiation. 
